Abstract: Six-carbon aldehydes and alcohols belong to flavours and fragrances with wide application in the food, feed, cosmetic, chemical and pharmaceutical sectors. In the present study, we prepared the expression system for production of recombinant yeast alcohol dehydrogenase 1 (YADH1) from Saccharomyces cerevisiae which is suitable also for catalysis of the interconversion of C-6 aldehydes and alcohols. We have demonstrated that an effective three-step strategy can overcome the insolubility problems during YADH1 production in Escherichia coli. We used trxB and gor deficient expression strain, decreased concentration of isopropyl β-D-1-thiogalactopyranoside and lowered temperature to 20
Introduction
Green note volatiles are chemicals nowadays widely used in food and fragrance applications because of their fresh organoleptic note and natural origin. These molecules are primarily six-carbon alcohols and aldehydes, such as hexanal, which are produced by fermentation, extraction from plants or by enzymatic catalysis (Brunerie & Koziet 1997; Márczy et al. 2002; Shade et al. 2003; Akacha & Gargouri 2009 ). The alcohol dehydrogenase (EC 1.1.1.1), which is widely studied for its biotechnological importance, was frequently used in this process. Beside the enzyme isolated from horse liver (Gargouri et al. 2004) , yeast alcohol dehydrogenase (YADH) from Saccharomyces cerevisiae has also been exploited (Fauconnier et al. 1999; Akacha et al. 2005; de Smidt et al. 2008) . YADH have been shown to catalyse a variety of industrially-important dehydrogenation reactions and exhibit a good capacity as a redox biocatalyst in a variety of stereoselective reductions with superior chemo-, region-and enantioselectivity together with good ability for in vivo regeneration of NADH coenzymes (Lou et al. 2003; Li et al. 2007) . Thus, YADH is potentially useful for producing optically active alcohols under physiological conditions, which are of significance in the chemical, pharmaceutical and cosmetic industries. Furthermore, YADH was utilized in the reagentless electrochemical biosensors for alcohol detection with high sensitivity (Williams & Hupp 1998; Zanon et al. 2007) .
Currently, heterologous protein expression is one of the main tools for the production of enzymes with industrial applications (Kirk et al. 2002) . Among various protein expression systems, Escherichia coli has been preferred due to its fast growth, convenience in manipulation and low cost for protein production. On the other hand, recombinant proteins expressed in E. coli often face solubility problems; e.g. in many cases proteins are deposited in cells as insoluble inclusion bodies (IBs) (Baneyx 1999) . Active proteins/enzymes can be isolated from IBs by refolding them into soluble form with various procedures (Middelberg 2002) . The soluble expression is much more effective approach to obtain desired proteins directly (Wang et al. 2007) .
In the present study we have described for the first time the system suitable for heterologous expression of soluble recombinant YADH1 in E. coli. The enzymatic properties of the prepared alcohol dehydrogenase were characterized and the expressed enzyme showed its potential for biotech applications.
Material and methods
Bacterial and yeast strains and plasmids E. coli DH5α and E. coli Rosetta-gami2(DE3) (Novagen) were cultivated on Luria-Bertani medium (bactotryptone 10 g/L, NaCl 10 g/L, yeast extract 5 g/L). Chloramphenicol (34 µg/mL), tetracycline (12.5 µg/mL) and kanamycin (50 µg/mL) were added to the growth medium when necessary. S. cerevisiae S288c was cultured at 30
• C on YPD liquid medium (glucose 20 g/L, peptone 20 g/L and yeast extract 10 g/L). Research grade chemicals and reagents were from Sigma Aldrich.
Construction of the recombinant plasmid pRSF-ADH and expression of recombinant YADH1 in E. coli The primers ADf (5'-GGATCCAATGTCTATCCCAGAAA CTCAAA-3') and ADr (5'-GCCTTATTATTTAGAAGTG TCAACAACGTATCTACC-3') were designed according to sequence of adh1 gene (GenBank Acc. No.: YOL086C) from the Saccharomyces Genome Database (http://www. yeastgenome.org/). The adh1 gene was amplified in PCR with primers ADf and ADr using the genomic DNA of S. cerevisiae S288c as a template. The PCR product was subcloned into pGEM-T-Easy vector (Promega) and the construct was confirmed by sequencing. Insert containing the adh1 gene was re-cloned through BamHI and EcoRI sites into pRSFDuet1 vector, resulting into pRSF-ADH recombinant plasmid. E. coli Rosetta-gami2(DE3) (Novagen) harbouring expression plasmid pRSF-ADH was cultivated in 400 mL Luria-Bertani medium supplemented with kanamycin, chloramphenicol and tetracycline at 37
• C until the OD600 reached 0.6. Then the expression of recombinant YADH1 was induced by 0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) and cells were grown at 20
• C in an orbital shaker for additional 20 hours. Finally, cells were harvested by centrifugation, the supernatant was decanted and the wet weight of the cell pellets was determined.
Purification of recombinant YADH1
The bacterial pellet (1 g) was completely suspended in 20 mL of buffer A (50 mM phosphate, pH 8, 1M NaCl, 10 mM imidazole) and the cells were disrupted by Constant Cell Disruption System (Constant Systems Ltd.). The total lysate was centrifuged at 7,700×g for 30 min and supernatant was used for subsequent analyses. Recombinant proteins were purified by metal affinity chromatography (IMAC). Briefly, supernatant after cell disruption (20 mL) was applied to a HisTrap T M HP column (1 mL of bed volume) equilibrated with four volumes of buffer A (50 mM phosphate buffer, pH 8, 1 M NaCl, 10 mM imidazole). Next, the column was washed with 10 mL of wash buffer W (50 mM phosphate buffer, pH 8, 1 M NaCl, 100 mM imidazole). The His-tagged proteins were eluted with 2 mL of elution buffer E (50 mM phosphate buffer, pH 8, 500 mM NaCl, 300 mM imidazole). Protein expression, all purification steps and the purity of recombinant YADH1 were analysed by 12% SDS-PAGE (Laemmli 1970) . Molecular mass of the native enzyme was determined by 5% native PAGE by comparison to native S. cerevisiae alcohol dehydrogenase (Sigma Aldrich) and bovine serum albumin (Sigma Aldrich). The purity of recombinant protein was analysed by the CP ATLAS 2.0 Thin Layer and Gel Analysis Software (Lazarsoftware) and is expressed in terms of percentage of grey scale on the SDS-PAGE gel (data not shown). Soluble protein concentrations were measured by bicinchoninic acid Protein Assay Kit (Novagen), with bovine serum albumin as the standard.
YADH1 activity assay and determination of the optimal pH, temperature and substrate specificity Enzymatic activity was quantified by photometric measurement of NADH production at 340 nm by using the molar extinction coefficient 6.22 M −1 cm −1 for NADH (Kägi & Vallee 1960; Bränden et al. 1975) . Briefly, the reactions were done at pH 9.0 in 22 mM tetrasodium pyrophosphate buffer, 7.5 mM NAD and 560 mM ethanol or 22.52 mM trans-2-hexenol. Activity was expressed as one unit of enzyme that can catalyse the conversion of 1.0 µmol of NAD to NADH per minute at pH 9.0 at 25
• C. Optimal temperature and pH values were determined. Native S. cerevisiae alcohol dehydrogenase 1 (Sigma Aldrich) was used for comparison of catalytic properties of recombinant YADH1.
Results and discussion
Cloning and expression of the recombinant YADH1 Currently, production of enzymes using heterologous expression systems, such as bacteria and fungi, has attracted considerable interest because of the high levels of protein yield and purity. Heterologous expression of YADH1 is essential for its industrial application in organic synthesis. For this purpose, we exploited the highly efficient E. coli expression system based on T7 RNA polymerase. The adh1 gene encoding for alcohol dehydrogenase from S. cerevisiae S288c was amplified by PCR and cloned into the pRSFDuet1 vector. Resulting recombinant plasmid pRSF-ADH encoding the YADH1 with the N-terminal His tag fusion was used for expression. When some, especially eukaryotic, heterologous proteins are expressed in E. coli, they are not properly folded during translation and are deposited in the cells as IB. Proteins from IB can be refolded but major drawback during the refolding is reduction of the recovery. Moreover, the refolding conditions must be carefully optimized for every protein. Therefore, the production of soluble recombinant proteins remains a preferable alternative to the in vitro refolding procedures ( Our initial experiments showed that the temperature used for expression significantly influenced the solubility of recombinant protein. Expressed recombinant YADH1 was deposited as IB when the bacterial culture was cultivated at 37
• C (Fig. 1) . The optimized procedure for production of solubilized YADH1 was as a follows: (i) the decrease of cultivation temperature; (ii) genetic background of bacterial host; and (iii) concentration of inducer. With regard to the first factor, the decrease of cultivation temperature to 20
• C resulted in soluble recombinant YADH1 production. It was published previously (Feller et al. 1998 ) that decreased translation rates at low temperatures seems to render a sufficient time for nascent polypeptides to fold correctly. Concerning the second factor, a proper genetic background of bacterial host may facilitate solubility of the expressed protein. From several tested host expression strains, e.g., BL21(DE3), Origami(DE3), Rosetta(DE3) -all from Novagen, we chose the E. coli Rosettagami2(DE3) strain with trxB and gor mutations coding for thioredoxin reductase and glutathione reductase. This construct allows the proper formation of disulphide bonds in the E. coli cytoplasm and enhanced expression of eukaryotic proteins that contain codons rarely used in E. coli (tRNAs for AGG, AGA, AUA, CUA, CCC and GGA on pRARE plasmid) (Saejung et al. 2006) . As far as the concentration of inducer in the expression procedure is concerned, IPTG concentrations higher than 0.5 mM resulted in IB formation in our experiments. At a low IPTG concentration, the expression rate of target protein is much lower, and more chaperones can be available to assist recombinant protein folding and prevent their deposition. In our optimized protocol, the recombinant YADH1 produced a distinct band in the SDS-PAGE gel at a position equivalent to a molecular weight of approximately 38 kDa (Fig. 2, lane 2) . Analysis of proteins by PAGE in non-denaturing conditions showed that the recombinant enzyme has a molecular weight higher than native alcohol dehydrogenase (Fig. 3, lane 2) . This difference is caused by additional 14 amino acid residues present at the N-terminal end (GSSHHHHHHSQDPM), which are the results of cloning strategy to introduce His tag sequence for fast and convenient purification of the expressed protein.
Purification and characterization of recombinant YADH1 Purification of recombinant YADH1 was performed on HisTrap TM HP column. In single chromatographic step the recombinant enzyme was 11.9-fold purified with overall yield of 91%. The specific activity of purified enzyme was 39.4 U/mg and the eluted protein reached >95% purity according to SDS-PAGE analysis (Fig 2,  lane 6) . The enzymatic activity of purified recombinant YADH1 was further characterized and compared with the native S. cerevisiae alcohol dehydrogenase. Two substrates, ethanol and trans-2-hexenol were used for enzymatic activity assay. Ethanol is a natural substrate for YADH1 and trans-2-hexenol is a natural green note volatile. It is a good candidate to test the ability of recombinant YADH1 to catalyse interconversion of C6 al- cohols/aldehydes. The specific activity of recombinant YADH1 reached 75% value comparing with the native enzyme when ethanol was used as a substrate (39.4 U/mg for YADH1 whereas 52.7 U/mg for native ADH). Our results are very similar to those described by Vanni et al. (2002) . This finding suggests that recombinant enzyme YADH1 is correctly folded and its activity is not affected by the additional His tag 14 amino acids.
The optimum temperature for the recombinant YADH1 activity was at 35
• C, which was analogous to native ADH activity. The recombinant enzyme retained nearly 90% and 80% of its activity after pre-incubation for 2 h at 30
• C and 35
• C, respectively, but it quickly lost its activity at temperatures higher that 45
• C (Fig. 4a) . On the other hand, much higher difference between specific activity values of recombinant YADH1 and native ADH were observed when trans-2-hexenol was used as a substrate (5.3 U/mg for recombinant YADH1 whereas 17.2 U/mg for native ADH). In this case YADH1 specific activity represents only 30% of the native ADH one. The pH optimum of recombinant YADH1 and native ADH exhibit a similarly broad range from 9 to 11 (Fig. 4b) .
Conclusion
In this study, we have demonstrated an effective threestep strategy to overcome the insolubility problems during production of recombinant proteins: lowered temperature during induction, expression in trxB and gor deficient Rosetta-gami2(DE3) strain and decreased concentration of inductor. To our knowledge, we have also for the first time described heterologous production of soluble YADH1 in E. coli and compared its properties with those of native, commercially available alcohol dehydrogenase. We have shown that recombinant YADH1 can be produced in satisfactory amounts and it possesses very similar properties to native enzyme isolated from S. cerevisiae. This approach enables production of purified and technologically applicable enzyme by more convenient and economical way. The YADH1 is therefore a promising recombinant enzyme for the interconversion of C-6 alcohols/aldehydes in green note volatile production and presumably also in other applications where oxido-reduction reactions are required.
